CuCr1.65Se4 nanoparticles crystallize in the monoclinic Cr2Se3-type structure of the space group I2/m. The average crystallite size basing on the line broadening is less than 10 nm. With decrease of the size of grains a change from ferromagnetic to ferrimagnetic order, a lack of the magnetization saturation and a strong spinorbit coupling visible in the large value of the Landé factor gχ = 2.72 are observed. The change in magnetic order is caused by the change of the crystalline symmetry from the cubic phase to monoclinic one.
Introduction
The chromium-based spinel chalcogenides, ACr 2 X 4 (A = Cu, Cd, Hg, Fe, Co; X = S, Se, Te) [1] which are ferro/ferrimagnetic insulators, semiconductors or even metals display unique properties in the bulk [2, 3] . Some of them are used as example ferrites for a radio engineering. CuCr 2 Se 4 is well-known as a normal spinel, ferromagnet and conductor both in the powder form as well as a single crystal [4] having the magnetization saturation of 4.76 µ B /f.u. at 4.2 K, the eective magnetic moment of 4.65 µ B /f.u., the large Curie (T C = 416 K) and CurieWeiss (θ = 436 K) temperatures [5] . The transport mechanism is here realized via a double exchange interaction involving the electrons jumping between Cr
3+
and Cr 4+ ions [6, 7] . This mechanism is also responsible for the thermoelectric power in Zn x Cu y Cr z Se 4 p-type spinel conductors that the strong ferromagnetic coupling connected mainly with double-exchange and Ruderman KittelKasuyaYosida (RKKY) mechanisms make easier the spin wave excitations [8] .
Positron annihilation studies carried out on polycrystalline CuCr 2 Se 4 metallic conductors sintered in air and in vacuum revealed that the oxidation and adsorption processes as well as the eects of structural defects play a signicant role considering the positron trapping and the corresponding linear temperature decrease of conductivity [9, 10] . The longer bulk lifetime of positrons and the lower values of the electrical conductivity observed with the CuCr 2 Se 4 sample sintered in air have been attributed to the scattering on the oxidation layer (surface scattering) [9, 10] . From literature it is known that in a case of manganesezinc ferrites the conductivity of polycrystals is usually much lower than the conductivity of monocrystals of the same composition [10, 11] , suggesting an inuence of oxidized grain boundaries.
This paper presents the synthesis and magnetic properties of CuCr 1.65 Se 4 nanoparticles.
Experimental details
Powders of copper, chromium and selenium (99.99% purity) were mixed to give the desired composition and next they were milled in the Fritsch Pulverisette 6 planetary ball mill equipped with hardened steel vial and balls with diameter of 15 mm. The mechanical alloying process [12] was performed in a protective atmosphere of argon. The ball-to-powder weight ratio and rotational speed were 10:1 and 500 rpm, respectively. Milling times of 30 min were alternated with equal periods of rest to avoid temperature increase. After selected time intervals the samples of milled powder were examined by the X-ray diraction method.
The XRD measurements were performed on the Philips X'Pert PW 3040/60 diractometer using Cu K α radiation (λ = 1.54056 Å). X'Pert HighScore Plus software and ICDD (PDF-2, 2009) les were used for phase identication. Surface morphology of compacted CuCr 1.65 Se 4 powders was studied by using a scanning microscope (JEOL JSM-6480). Magnetization and magnetic susceptibility were measured with a Quantum Design Physical Properties Measurement System (QD-PPMS) in the temperature range 1.8360 K and at magnetic eld up to 70 kOe.
Results and discussion
In Fig. 1 there are visible diraction lines of the Cu 1.96 Cr 2 Se 4 cubic phase (F d-3m) and traces of pure selenium and chromium after 15 h of milling. In Fig. 2 the CuCr 1.65 Se 4 monoclinic phase (I2/m), type-Cr 2 Se 3 with the basic lattice parameters: a = 6.227 Å, b = 3.582 Å, c = 11.528 Å and β = 90.77
• was identied in all alloys after 30, 45, 60, 85, 110 and 135 h of milling. With increase of milling time the lattice parameters are slightly decreasing and the line broadening is changing as well. In case of the diraction lines overlapping there is possible to estimate the average crystallite size basing on (1137) the line broadening. So, the mean crystallite sizes for as mixed powders are about: 4060 nm after 15 h of milling, 3040 nm after 30, 45, 60, 85 and 110 h of milling and less than 10 nm after 135 h of milling. Powders annealed at 900
• C (milled 45 h and 135 h) have estimate size of crystallites in a range of 20 nm. Table showed typical behaviour for ferrimagnets. The temperature dependence of magnetic susceptibility, χ(T ), and its reverse, 1/χ(T ), indicate a lack of the CurieWeiss behaviour (Fig. 3) . The magnetization isotherms, M (H), show a hysteresis with coercivity of 5.6 kOe and remanence of 0.03 µ B /f.u. at 5 K as well as a linear dependence M vs. H at 350 K (Fig. 4) . The hysteresis is far from saturation because M = 0.23 µ B /f.u. at 70 kOe (Fig. 5) . The theoretical value of the eective magnetic moment of CuCr 1.65 
. This property means that the magnetic properties come mainly from the Cr 3+ ions. The temperature dependence of the eective magnetic moment estimated from equation: µ eff = 2.83 √ χT strongly depends on temperature. It shows both a broad maximum around the temperature of 170 K and a broad minimum close to room temperature. At the maximum µ eff is close to the spin-only value. Upon lowering the temperature µ eff gradually decreases from 4.77 µ B /f.u. at 170 K to 1.21 µ B /f.u. at 5 K (Fig. 6 ). This behaviour is also visible in the product of χT in Fig. 6 . It can mean that the ferrimagnetic order dominates from one side and the strong magnetocrystalline anisotropy exists in the sample from the other. Also a strong spin orbit coupling visible in the large value of the Landé factor g χ = 2.72 may exist, too. A superparamagnetism was not stated in the CuCr 1.65 Se 4 nanoparticles since the magnetization curves were deviated from the universal function of magnetization vs. magnetic eld divided by the temperature [13] . 
Conclusions
The results of CuCr 1.65 Se 4 nanoparticles mentioned above suggest that the decrease of the size of grains causes a change both from cubic to monoclinic phase and from ferromagnetic order to ferrimagnetic one. In consequence a lack of the magnetization saturation and a strong spinorbit coupling visible in the large value of the Landé factor g χ = 2.72 are observed.
